The Troy Bedrock Valley (TBV) and its tributary valleys are the principal pre-glacial drainage in southern Wisconsin and northern Illinois, USA. This study focused on the headwaters of a tributary that occurs in McHenry County, IL. Drilling, geophysical surveys, and the analysis of existing geologic and water well data were used to determine the lithologic and geometric characteristics of the sediments that fill the paleovalley. A 3D geologic model of these sediments was then developed in Petrel. More than 65 m of Quaternary sediments filled the paleovalley. The model domain covers approximately 30 km 2 . The valley drains to the west and meanders, which is distinct from the straight course of the overlying modern Kishwaukee River. The sediments that filled the valley were subdivided into five units. These units include Illinois-age Glasford Formation coarsegrained proglacial outwash and alluvial deposits (GS2, GS1) and fine-grained lacustrine and diamicton deposits (G2 and G1). The Wisconsin-age Henry Formation sand and gravel cap the valley fill, and Cahokia alluvium buries everything.
Introduction
Within the glaciated regions of the world, buried valleys are found at various scales and confined to different stratigraphic units [1] - [3] . As a result of their size, hydrologic properties, and shallow depths, buried valleys have been intensively studied as for their potential to contain aquifers and major groundwater resources [4] - [8] .
Although the Teays-Mahomet [9] - [11] and to a lesser extent the Troy Bedrock Valley [6] [12] [13] are well studied, details concerning the geology and hydrogeology of their many tributaries are lacking.
In northern Illinois, the Troy Bedrock Valley is a buried bedrock valley that occurs in McHenry, Boone, and DeKalb counties. Alden [14] was the first to publish information on the Troy Bedrock Valley. Originally based upon a north-south trending topographic low in southeastern Wisconsin [14] , the Troy Bedrock Valley has been shown to be a major bedrock valley extending north into Illinois extend [6] [15] . Believed to be a component of the preglacial Mississippi River drainage system [16] , the valley possesses an average thickness over 100 m and can reach thickness over 150 m [17] . Along the main valley, a number of tributaries have been identified [15] . Description of the sediments filling the valley ranges from fine-grained silt and diamicton to sand and gravels [6] [12] [13] [17] .
McHenry County, Illinois has a keen interest in the potential water resources of the Troy Bedrock Valley and subsequent tributaries. With a population that increased from 35,000 in 1930 >300,000 in 2005, McHenry County has experienced the fastest growth of any county in Illinois [18] . McHenry County uses only groundwater for water resources. Historically, the vast majority, 75%, of groundwater has been extracted from shallow wells screened in sand and gravel aquifers within 30 meters of land surface [19] [20] . Forecast indicates that by 2050, the county will need to extract an additional 30,000 to 231,000 m 3 /day to meet demand [18] .
Quaternary-age glacial deposits completely cover McHenry County except for a few scattered outcrops of bedrock that occur along creek beds and quarries (Figure 1 and Figure 2 ). These glacial sediments were deposited over a time span of approximately 730,000 years by three episodes of glaciation that were separated by two periods of non-glaciation [19] . These episodes are the pre-Illinois (730,000 to 190,000 years before present), Illinois (190,000 to 130,000 years before present), and Wisconsin Glaciations (55,000 to 15,000 years before present). The geomorphology of the area is largely a result of Wisconsin Episode glaciation of the Laurentide Ice Sheet that advanced into northern IL during Quaternary time. The Laurentide Ice Sheet advanced from northeast to the southwest in several pulses, leaving a complex assemblage of till and outwash sand and gravel units of varying thickness and extent [21] - [26] .
With the evolution of sophisticated geologic modeling software, many recent workers have strived to develop modern understanding of the 3D geometries of sediment bodies deposited in glacial setting [27] - [32] . In southwest McHenry County, a buried bedrock valley, which is a tributary of the Troy Bedrock Valley, has been filled almost completely with proglacial fluvial sediments, proglacial lacustrine sediments and ice-marginal sediments likely associated with Pre-Wisconsin Episode glaciations. Within these deposits, at least three aquifer units are present locally within the bedrock valley. Water level measurements recorded in nested-observation wells at the site suggest that these aquifers may be hydraulically connected, but the geologic setting and geometries are not known. The possibility of hydraulic connection between these aquifers has important implications for understanding the regional and local groundwater flow system and the sustainability of water resources. A first step is understanding the geology, specifically the stratigraphy of the unconsolidated sands and gravels within the buried valley aquifers. To gain insight into the stratigraphy and the potential hydrologic communication among the units a variety of field and mapping methods were used.
Previous Work
The Quaternary deposits of McHenry County (Figure 3 ) have been studied for decades [19] [33]- [37] . The first comprehensive study of the Pleistocene stratigraphy of Illinois was completed by Willman and Frye [38] . Hansel and Johnson [37] reclassified the lithostratigraphic units of the Wisconsin Episode in Illinois. The most detailed study of Quaternary deposits in McHenry County by [19] focused on delineating the geology for the purposes of environmental planning. Furthermore, the surficial geology of many portions of the county has been mapped at 1:24,000 scale [34] [35] [39]- [44] .
Stratigraphy of Quaternary Deposits

Pre-Illinois Episode Stratigraphy
The Lierele Clay of the Banner Formation is the oldest Quaternary deposit known in McHenry County. To date, it has only been located in a single stratigraphic boring taken from west central McHenry County, which records it as a 4 m thick clayey diamicton [19] . Therefore, very little is known about the extent/character of the Banner Formation.
Illinois Episode Stratigraphy
The Glasford Formation was initially discovered by Alden (1918) in southeastern Wisconsin beyond the extent of the Wisconsin end moraines. In this area, it is a silt-rich, calcareous gray till that is sparsely distributed below the Illinois till of the Winnebago Formation [25] . In McHenry County, IL this formation is widespread in the subsurface and is represented by four members: Kellerville Member; Fairdale Member; Oregon Member; and Belvidere Member. The Kellerville Member is the oldest unit and is a light brown, silt loam to loam diamicton. The Fairdale Member overlies the Kellerville Member and is also found in western McHenry County. The next youngest unit is the extensive Oregon Member, which consists of pinkish brown loam diamicton often contain- [19] .
ing beds of sand and gravel. The Belvidere Member is the youngest of the Glasford units and is only found in the Troy Bedrock Valley that runs north-south through the northwestern corner of McHenry County. The Belvidere Member is a gray silt loam diamicton and is related to a silty glacial lake sediment [19] .
The Fairdale Member overlies the Kellerville Member and is found in western McHenry County. The next youngest unit is the extensive Oregon Member, which consists of pinkish brown loam diamicton often containing beds of sand and gravel. The Belvidere Member is the youngest of the Glasford units and is only found in the Troy Bedrock Valley that runs north-south through the northwestern corner of McHenry County. The Belvidere Member is a gray silt loam diamicton and is related to a silty glacial lake sediment [19] .
In McHenry County the Winnebago Formation consists of the Argyle Till, Nimtz Till, and Capron Till Members and is found only in the far northwestern part of the county [19] .
Wisconsin Episode Stratigraphy
During the Wisconsin Episode of glaciation, ice advanced and retreated from McHenry counties numerous times. Deposits from the Wisconsin Episode are complex assemblages of proglacial and subglacial sediments. In Illinois, the same units that were deposited by the Harvard Sublobe are categorized into two interfingering groups: the Wedron Group, which are mainly diamicton till and ice-marginal deposits, and the Mason Group, which are proglacial sediments (silt, silty clay, lake sediment, and sand and gravel outwash) (Figure 3) .
The Tiskilwa Formation is a sandy, pink tan clay loam diamicton with sparse sand and gravel lenses. It was deposited by the Harvard Sublobe 18,000 -20,000 years before present. It is the most laterally extensive glacial diamicton in the Wisconsin study area.
The sediments of the Haeger Till Member were deposited 17,000 -19,000 years before present. It is typically a sandy loam diamicton interbedded with sand and gravel lenses and is almost always underlain by the coarse sand and gravel of the Beverly Tongue of the Henry Formation [19] .
The Henry Formation is generally a stratified sand and gravel unit with lenses of silt and clay that was deposited as glacial outwash around 26,000 to 11,000 years before present [37] .
The Ashmore Tongue is a medium coarse to coarse textured, stratified sand and gravel unit that underlies the Tiskilwa Formation and is interpreted to be advance-phase glacial outwash. In southeastern McHenry County it reaches a maximum thickness of about 30 m [19] . The Beverly Tongue underlies the Haeger Member of the Lemont Formation and is a coarsening upward sand and gravel unit interpreted as advance-phase outwash. This deposit is often mined for aggregate [19] .
The Cahokia Formation is a modern alluvium that is present along modern streams such as the Kishwaukee River in McHenry County. It dominantly consists of silt, clay, and clay sand [19] [38].
Methodology
A variety of high-resolution data were collected in collaboration with the Illinois State Geological Survey (ISGS) and used for interpreting the geologic setting of this study area. These included five continuous core geologic borings, downhole geophysical measurements of natural gamma radiation, temperature, and electrical resistivity, and coupled profiles of 2D seismic and 2D electrical resistivity along a single transect. Furthermore, to help better understand the groundwater flow system, hydraulic data were collected such as head measurements, groundwater chemistry, and pumping test data. In addition, historical water well records and elevation models of land surface LIDAR data and the bedrock surface were available. Table 1 includes all descriptive parameters for the 10 cross-sections as well as the interpreted seismic profile.
One of the geologic borings (GARP-09-02) was located in the center of the bedrock valley and was used as the key boring for geologic interpretation (Figure 4) . The other geologic borings were located throughout the bedrock valley within the approximately 30 km 2 study area (Figure 5) .
Water well data and geologic boring data were viewed in ESRI ArcScene as symbolized 3D cylinders. In this area of the county, water well data are sparse. Thus, most geologic interpretation was based on the high-resolution geologic borings. 3D visualization of the geologic data was critical for better understanding the geologic setting, but due to the sparseness of water well data within this study area, final geologic interpretations were conducted within 2D cross sections, rather than within a 3D visualization environment. Ten cross-sections were interpreted from Curry et al. [19] .
Images of these cross-sections were imported into Petrel2010 and georeferenced to build fence diagrams ( Figure 6) . The geologic borings were the highest quality data available; thus, cross-sections were constructed to primarily intersect the locations of those borings. To allow mapping control between the five geologic borings, 130 synthetic boreholes were created along the cross-sections at intervals ranging from 50 m to 400 m. An (Figure 7) . The use synthetic boreholes were required as interpreted point data input into 3D modeling software (Petrel), which has been shown as an effective method to help establish the 3D model [45] - [47] . The synthetic boreholes were developed and interpreted from the cross sections in Curry et al. [19] . Table 2 includes all descriptive parameters for Petrel interpretations. To construct the 3D geologic model in Petrel, point data from the stratigraphic picks were used as well tops that were used to interpolate the top surface of each unit. Microsoft Excel was used to manage and control borehole data and virtual borehole data. Based on the data density and data quality, five lithostratigraphic units were mappable in this study area. In stratigraphic order from youngest to oldest, these units are: Henry Formation (Hen1); Glasford Formation 1 (G1), Glasford Formation Sand/Gravel (GS1), Glasford Formation 2 (G2), and Glasford Formation Sand/Gravel 2 (GS2). The Beverly Tongue (Hb), Tiskilwa Formation (Wt), and Ashmore Tongue (Ha) are only identifiable in boring MARN 09-02 and so were grouped with the Henry Formation for modeling purposes. These surfaces were used in Petrel to construct the 3D geologic model. In Petrel, to properly model the contact relationships at the unconformable bottom of the Quaternary deposits, the bedrock surface was set as a "base horizon". Since the data set for this model produce horizons that do not intersect, all other surfaces were set as "conformable horizons".
The outermost extents of the fence diagrams and the northernmost 2000 m of the seismic profile of Thorne Road were used to delineate the model boundaries. The model measures 9.2 km east to west by 3.2 km north to south and reaches a maximum thickness of 70 m in the buried bedrock valley located (Figure 8) . The total model domain covers approximately 30 km 2 .
Results and Discussion
Distribution of Stratigraphic Units
The 3D model consisted of five lithostratigraphic units (GS2, G2, GS1, G1, Henry Fm.) and a bedrock surface for the base. These units represent a general geologic framework associated with the infilling of the bedrock valley that occurred during Pre-Wisconsin Episode glaciations and are consistent with what has been observed within the Troy Bedrock Valley [6] . These units include sequences of coarse-grained proglacial outwash and alluvial deposits (GS2, GS1, and Henry Fm.) and fine-grained lacustrine and diamicton deposits (G2 and G1).
The Glasford Formation was modeled as four subunits as follows: G1; GS1; G2; and GS2. These deposits fill the majority of the bedrock valley and are likely associated with multiple glacial events. G1 is the uppermost diamicton and likely represents the Oregon Member. GS1 is interpreted as an outwash gravel deposit associated with the Oregon Member. G2 is the lowermost fine-grained deposit and generally represents older Illinois Episode till/lake deposits. GS2 is interpreted as the outwash gravel deposit associated with G2. GS2 also likely includes coarse talus or slump deposits associated with the steep bedrock valley walls.
The Henry Formation has an average thickness of 25 m throughout the study site. At the location of MARN-10-052, the thickness of the Henry Formation includes the thickness of the Beverly Tongue, Tiskilwa Formation, and Ashmore Tongue because the interconnected relationship of these units is difficult to differentiate in the model domain. The thickest deposits of the Henry Formation are located along the eastern edge of the domain (Figure 9) . The presence of all three units likely explains why the Henry Formation appears to be thicker. The Beverly Tongue and Ashmore Tongue of the Henry Formation are also sand and gravel outwash deposits and reach a maximum thickness of about 3 m near MARN 10-05. The Tiskilwa Formation is another unit that is only present in MARN 10-05, where it reaches a maximum thickness of about 4 m.
G1 is located throughout much of the study area but often pinches out on bedrock highs (Figure 10) . The thickest deposit of G1 is about 15 m and occurs as a bullseye located in the bedrock valley just north of GARP 09-02, a location where seismic data have been interpreted. The interpretation is that at this location, G1 occurs as a slump deposit. Because this data point is based solely on the interpretation of seismic data, model confidence at this point is low. GS1 is located mostly in the northern half of the study area and also pinches out along bedrock highs (Figure 11) .
The majority of G2 is located in the northern two thirds of the study site and follows the bedrock surface. In the north-central part of the mapping area, G2 is absent because of a bedrock high. However, G2 is deposited on the southern half of that same bedrock high. It reaches a maximum thickness of 28 m in the bedrock valley (Figure 12) . GS2 is completely contained within the lowest parts of the bedrock valley. It very closely mirrors the bedrock surface and reaches a maximum thickness of 20 m (Figure 13 ). 
Troy Buried Bedrock Valley
The Silurian bedrock surface has significant paleotopographic relief. The Troy Bedrock Valley (TBV) is a major preglacial bedrock valley that enters Illinois from Wisconsin and continues in a south-west trend in to Boone County [6] . During the Pleistocene, the valley was filled with outwash, till, and alluvial deposits that range in thickness from tens of meters to several hundreds of meters. The TBV has no expression at land surface [48] . In areas where Quaternary units are in contact with the bedrock, the bedrock aquifer and the Quaternary aquifer are hydrogeologically connected [19] . The bedrock valley in this study area (Figure 14) is an ancestral tributary valley to the Troy River Valley. The events and constraints that controlled the development of the steep-sided TBV [6] are applicable to the local bedrock valley in this study.
Early Illinois Episode Sequence (GS2 and G2 Deposition)
As glaciers from the Illinois Episode (190,000 to 130,000 years before present) advanced across the study site, coarse grained sediments of GS2 were deposited. GS2 is interpreted as proglacial outwash deposits that were deposited from glacial meltwater as the glacier advanced from the east and north (Figure 15 ). Abundant meltwater provided the high energy necessary to transport large volumes of sand and gravel into the bedrock valley.
Deposition of the coarse sand and gravel of GS2 ended when the drainage pattern of the bedrock valley changed and the glacial margin overrode the area, thus depositing a thin diamicton unit (3 -4 meters thick) associated with unit G2 [6] . Lacustrine sediments of G2 suggest that during part of the Illinois Episode of glaciation, when the glacial ice was far away from the study site, the drainage through the bedrock valley system (which includes the TBV) may have been blocked due to another ice lobe to the west (or south), or perhaps the drainage was blocked between proglacial moraines and the ice front. It is unknown what caused a blockage (Figures 16) ; the resultant ponding led to the deposition of 10 -15 m of laminated silt and clay. Where present, this lake deposit acts as an aquitard that impedes groundwater flow between GS1 and GS2.
Late Illinois Episode Sequence (GS1 and G1 Deposition)
At the location of boring GARP 09-02, GS1 is 6 m thick and is described as a coarse gravel with rounded pebbles. Traceable within the 2D geophysical profiles, GS1 is interpreted as proglacial outwash that was deposited by a younger glacial advance (younger than the G2 advance) through the study area (Figure 17) . G1 contains till likely associated with Oregon Member and marks a period of glacial ice advancement into the bedrock valley (Figure 18) .
The thickest deposits of G1, about 16 m, are located in the bedrock valley along the Thorne Rd. seismic line where a slump deposit is interpreted. G1 sediments may be thicker here simply because glacial deposits tend to be thicker in bedrock valleys [6] . This thickness may also be attributed to a buried moraine [14] or random variability of thickness associated with local subglacial deposition/erosion.
Wisconsin Episode Glaciofluvial Deposition
The Henry Formation is present across nearly the entire mapping area and is interpreted as proglacial outwash sediments associated with the last advance and retreat of Wisconsin Episode glaciation (Figure 19) . This unit may also include outwash deposits associated with the retreat of older glaciations, but differentiating between those units is difficult.
The Cahokia Formation, the modern alluvium and flood plain deposits present along the Kishwaukee River, was grouped with the Henry Formation to simplify the model. Within the Kishwaukee River valley, the Henry Formation interfingers with the Beverly Tongue, the Tiskilwa Formation, and the Ashmore Tongue. MARN 09-02 contains a more complex assemblage of near surface sediments because of the nature of its location. It is situated near the base of a modern regional slope, where thinner deposits of valley fill and colluvial sediments have been deposited throughout at least the Wisconsin Episode and Holocene.
Conclusion
Detailed 3D geologic mapping and hydrogeologic investigation within a buried bedrock valley in McHenry County provided insight into the local hydrogeologic flow system. Continuous-core geologic borings and highresolution 2D geophysical profiles provided control data for geologic mapping. These data provided the framework to build a reasonable 3D geologic model of the extent, distribution, thickness, and contact relationships of the Quaternary lithostratigraphic units. The orientation and geometry of the units are consistent with lithologies observed in the main Troy Bedrock Valley. While the Henry Outwash has an average thickens of 24 m, the inclusion of the Tiskilwa Formation within the Henry Formation suggests that it may not serve as a suitable source of water. The sands and gravels of the upper Glasford (GS1) are relatively thin in the area and with the exception of localized areas (northwestern corner of study area) would not be a sustainable aquifer. Following the valley floor, the lower sands and gravels of the Glasford (GS2) are thicker than the GS1 layer. However, the thickness is not uniform, and layer thins to less than 6 m in the southern edge of the domain. The tributary does not appear to have the storage necessary to serve as a water resource.
